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The mesoporous silica SBA-15 and mesoporous K, CO,-SiO, composite material were synthesized. Characterization of microstruc-
ture and morphology of materials indicated that the composite material had saved the porous framework of mesoporous silica
SBA-15. Humidity sensing properties of different inverse proportion K,CO;-SiO, composite material were studied and we found
that the sample with 0.16 g/g K,CO; exhibited excellent linearity in the wide humidity range. The complex impedance changed
five orders of magnitude from 11% RH to 95% RH. The rapid response and recovery time were 10 s and 38s, respectively. Finally a

feasible ion transfer mechanism was brought forward to explain the sensing mechanism.

1. Introduction

Humidity sensor is a class of widely used chemical sensor. For
the raring demand of the industrial processing and the envi-
ronmental control, more and more researchers are interested
in humidity sensor. The growing demands of controlling
water vapor led to considerable interests in the development
of sensing materials. In recent years, materials that have been
studied for this purpose mainly include organic polymers [1-
4], metal oxide ceramics [5-10], and porous materials [11-
15]. Among the porous materials mesoporous silica SBA-15
exhibits good properties such as environment stability, wide
range of work temperature, and quick response-recovery
properties [13, 14]. Therefore, mesoporous silica SBA-15
becomes a promising candidate for humidity and gas sensing
material [13-15]. However, the pure mesoporous silica SBA-15
exhibits its humidity sensitivity only over 75% RH. In order
to improve its humidity sensitivity, adulteration was a widely
used method. There were many reports about the addition of
alkali metal ions to improve the humidity sensitivity [16-18].

Some papers were about K™ which exhibits favorable effect in
improving humidity sensitivity [16, 17].

In 2009 Yuan et al. have successfully doped K* into
SBA-15 and greatly improved its humidity sensing properties
[19]. In that work, K™ was doped into SBA-15 material by
thermal dispersion. Though the humidity sensing proper-
ties were greatly improved after thermal dispersion, the
mesoporous structure was seriously destroyed. In this work,
we doped K" into SBA-15 material by solution dispersion.
The characterized results indicated that this simple method
can successfully adulterate K into SBA-15 material and the
mesoporous structure was fully saved. Humidity sensing
properties were tested and the results indicated that less
doped amount could reveal the same effect (the 0.16 g/g
K"-doped sample exhibits the best humidity sensitivity;
in the prevenient study it was the 0.8 g/g K'-doped sam-
ple [19]). Moreover, the response and recovery times are
quicker than before. At last, an ion transfer sensing mecha-
nism of appropriate K"-doped SBA-15 humidity sensor was
discussed.
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FIGURE 1: The electrode configuration structure of the humidity
SEnsor.

2. Experimental

2.1. Preparation of Sensing Materials. The mesoporous sil-
ica SBA-15 was synthesized with the method reported
by Li and Zhao [20]. In a typical synthesis, 2.0g of
poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (EO,,PO,,EO,,, P123, averaged molec-
ular weight = 5800, Aldrich) was dissolved in a mixture of
15mL deionized water and 60 mL 2M HCI under stirring.
Then 4.4 g of tetraethyl orthosilicate (TEOS, 98%, Aldrich)
was added dropwise to the solution at 40°C. The resultant
mixture was stirred continuously for 24 hours, and then it
was aged at 60°C for 24 hours without stirring. The precipitate
was in turn filtered, washed with deionized water, and dried at
100°C overnight. The obtained powders were heated to 550°C
at a ramp rate of 1°C/min and calcined at this temperature in
air for 8 hours to remove the surfactant.

The K,CO5-Si0, composite materials were prepared by
solution adulterate method. The SBA-15 was impregnated
with K,CO; aqueous solution of a desired amount. The
resulting material was then dried at 100°C in air overnight
and then ground homogeneously. In our work, the different
inverse proportion of K,CO,; was 0.08¢g, 0.16g, 0.8¢g, and
1.44 g in 1 g SBA-15, respectively.

2.2. Methods of Characterization. The powder XRD patterns
were measured by a D8 Tools X-ray diffraction instrument
using the Cu Ko« radiation at 40kV and 30 mA. Infrared
spectra were taken on a Perkin-Elmer series with a resolution
of 4cm™". The samples were prepared in a form of KBr pellet,
of which the thickness is about 1.3 mm. Each spectrum was
collected at room temperature under atmospheric pressure.
Field emission scanning electron microscopy (SEM) images
were obtained using a JEOL JSM-7500F microscope. N,
adsorption-desorption isotherms were measured at 77 K on
a Micromeritics ASAP 2010 m instrument (Micromeritics
Instrument Corp., Norcross, GA). The sensing material was
spin-coated on the interdigital electrodes (6 mm x 3mm x
1 mm) made of Al,O,; the electrode configuration structure
of the impedance-type humidity sensor was showed in Fig-
ure 1. The humidity sensitivity was done by a ZL-5 intelligent
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LCR analyzer (made in Shanghai, China) at room tempera-
ture. The resolution of the analyzer is 0.01%. The frequency
range of the analyzer is 12 Hz-100 kHz. The impedance of
the analyzer is 0.00001 Q2-99999 kQ). The controlled humidity
environments were obtained with saturated salt solutions in
a closed glass vessel.

3. Results and Discussion

3.1. X-Ray Diffraction. The low angle XRD spectrum was
given in Figure 2(a). We could see the peak attributed to
(100) of SBA-15 was obtained in all the doped samples,
indicating that the ordered mesoporous structure of SBA-
15 was not destroyed after introducing K,CO; into SBA-15.
It was obvious to notice that, with the increasing of K,CO;
content, the (100) peak of different K,CO;-SiO, composite
material shifted to the higher angle direction, which suggests
that the introduction of K,CO; resulted in the shrinkage of
the pore wall of SBA-15.

As Figure 2(b) showed, we can see that all the samples
have a broad peak centered at 260 = 21.7°, demonstrating
that the pore wall of all the samples was amorphous, with the
level of K,CO; content increasing, and the peaks of K,CO;
appeared and become stronger.

3.2. IR Spectroscopy. Figure 3 displayed infrared spectra
of all the products. As we can see, for pure SBA-15, the
characteristic peaks at 1635 and 950 cm™' were attributed
to Si-OH, and the peaks of Si-O-Si were observed at 1092
and 808 cm™". All the bands were similar to the results of
literature [14, 21]. It was interesting to note that the peak of
1635 cm ™" was very weak for pure SBA-15 compared to other
samples. Because of the hydrophilic property of K,COj;, the
more water molecules were adsorbed as the level of K,CO,
increased. Then, the water molecules interacted with the Si-
O-Si of SBA-15 to form the surface hydroxyls. When the
content of K,COj increased beyond 0.16 g/g, it would adsorb
more water molecules, and H* was released by some of
the hydroxyls, so that the hydroxyls on the surface would
decrease. In addition, specific peaks of C-O asymmetric
stretching vibrational modes and the in-plane deformation
mode appeared at 1395cm™' and 703cm™" and gradually
became stronger with the increasing K,COj; level. This was
in agreement with the result of wide angle XRD.

3.3. SEM Characterization. The morphology of SBA-15 and
a representative image of K,CO;-SiO, composite material
were shown in Figure 4. It can be seen from Figure 4(a) that
mesoporous SBA-15 consisted of some short rods. Figure 4(b)
showed that no evident difference was observed after adding
of K,CO;. This phenomenon indicated that the mesoporous
structure of SBA-15 was fully saved after adding of K,CO;.

3.4. N, Adsorption-Desorption Characterization. To charac-
ter the nature of our samples farther, we chose pure SBA-
15 and K,CO; content of 0.16 g/g K,CO;-SiO, composite
material to test N, adsorption-desorption. The curve was
shown in Figure 5. From the figure, we can see that the trace
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FIGURE 2: Lower angle (a) and wide angle (b) XRD spectra of the materials.
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FIGURE 3: IR spectra of the materials.

of SBA-15 was type IV; after the addition of K,CO; as
obtained in Figure 5(a) the shape of type IV was still retained,
illuminating that fact that the mesoporous structure was
reserved in the sample of K,CO;-SiO, composite material
(K,CO; content of 0.16 g/g). Otherwise, the step inflexion
(p/py) of K,CO5-SiO, composite material (K,CO; content of
0.16 g/g) was smaller than that of pure SBA-15, suggesting the
corresponding pore size shrink with the added K,COj;. This
was consonant with the result of the pore size distribution
curves as shown on Figure 5(b). From Figure 5(b) we can
see the BJH pore diameter was changed from 6.25nm of
pure SBA-15 to 5.99 nm of K,CO;-SiO, composite material
(K,CO; content of 0.16 g/g) and the BET surface area shifted
from 592 m?/g of pure SBA-15 to 385 m*/g of K,CO;-SiO,
composite material (K,CO; content of 0.16g/g). All the
results were in agreement with XRD, IR, and SEM above.

SBA-15 and K,CO5-SiO, composite material. The test fre-
quency was 100 Hz and the applied voltage was 1V. It could
be seen obviously from the figure that the pure SBA-15
does not reveal humidity sensing properties until the relative
humidity reaches 75% RH, while the K,CO;-SiO, composite
material could reveal humidity sensing properties in the
whole RH range. With the K,CO; content increasing, the
impedance decreased sharply at low RH but did not evidently
at high RH. An appropriate adulterate method could improve
the humidity sensing properties of pure SBA-15; on the
contrary superfluous adulterate method could influence the
materials humidity sensing property. The result indicated
that the K,CO; content of 0.16 g/g K,CO;-Si0, composite
material had the best linearity; thus all the discussions below
concerned this sample.

3.5.2. Response and Recovery Characteristic. In order to check
the practicability of the sensor, the response and recovery
characteristic were given in Figure 7. According to literature
[22], the response and recovery time were defined as the time
taken to reach 90% of the total impedance change. For this
sample the response time was about 10 s by increasing from
11% RH to 95% RH, and the recovery time was about 38 s by
decreasing from 95% RH to 11% RH. The results showed that
this sensor achieved the practice application standard.

3.5.3. Complex Impedance Property. Figure 8 gives the com-
plex impedance plot of this sensor at different RH range. We
magnified the real part and imaginary part on the same plane
to compare the complex impedance plots more conveniently.
The test frequency was from 20 Hz to 100 kHz, and the RH
range from 11% RH to 95% RH at room temperature. It can
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FIGURE 4: SEM image of (a) SBA-15 and (b) K,CO;-doped SBA-15.
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FIGURE 5: (a) Nitrogen adsorption-desorption isotherms. (b) Pore size distribution of pure and K*-doped SBA-15.

be seen clearly from the plots that at very low RH range only
a half of a semicircle was observed. With increasing the RH,
the region of the semicircle increased to become a complete
semicircle. However the RH value reached over 54% RH,
the semicircle became disappeared, and a little straight line
turned out in our test frequency range. The appearance of a
new curve representative of another electric particle became
contributing to conductance. The higher the RH value was,
the more patent the straight line was. When the RH value
reached 95% RH the semicircle disappeared absolutely in this
test frequency range and left a straight line only.

3.6. Mechanism of Humidity Sensing Properties. In this part,
we try to give a feasible mechanism of this humidity sensor
based on the above results. For pure SBA-15 owing to its high
impedance nature, it showed a poor humidity sensitive prop-
erty until RH range reached 75% RH. However, the humidity
sensing properties improved obviously after K"-doped. The
complex impedance changed five orders of magnitude from
11% to 95% RH. At very low RH range water molecule was

so little that the coverage of water on the surface was not
continuous. Thereby protons moved by hopping transmission
across the surface [23] and simultaneity proton bonding to
water molecule and formed hydronium ions (H,O + H' =
H;0"). At the same time the transfer of H" and H;O"
was difficult on this discontinuous water layer, so that the
impedance was relatively high at low RH range. When the
water molecule increased and RH reached middle region the
surface coverage was complete and several serial water layers
were formed. Here according to the ion transfer mechanism
of Grotthuss, H,O + H;0" — H,0" + H,0 [24], H'
and H;O" transfer were dominating. With increase in the
RH, some K* came from the ionization of K,CO, based on
K,CO; + H,0 — KOH + KHCO;. And ions also participated
in the conduction. Corresponding to the complex impedance
plot this case was semicircle and straight line appeared
simultaneously. When the RH reaches the high region, the
more K,CO; ionize based on K,CO; + 2H,0 — 2KOH +
H,COj;, and then the K" ions dominate in the conduction. As
we all know, the ionization ability of KOH is much stronger
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FIGURE 7: The response and recovery properties of humidity sensor.

than that of KHCO;, so that in this stage the amount of
K" ions was quite greater than that of the middle region.
Corresponding to the complex impedance plot, the curve was
only a straight line left. The quick transfer of ions on the water
layer results in a sharp decrease of the impedance. Therefore
compared to the initial impedance, the value continuously
decreases by more than five orders of magnitude.

4. Conclusion

In this work, the pure SBA-15 and K,CO;-SiO, composite
material film of impedance-type humidity sensors were
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FIGURe 8: Complex impedance plots in wide humidity environ-
ments.

fabricated. The microstructure and morphology of materials
were characterized by X-ray powder diffraction (XRD), IR
spectroscopy, SEM, and N, adsorption-desorption. Their
humidity sensing properties were studied and we found
that the K,CO; content of 0.16 g/g K,CO;-Si0, composite
material exhibited excellent linearity in the wide humidity
range. The rapid response and recovery time were obtained.
The mechanism of humidity sensing properties was also
discussed.
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